Home-range size, its seasonal variation, and pattern of home-range use of wolves (Canis lupus) were studied in Bialowieza Primeval Forest (BPF) located on the Polish-Belarus sian borderland in 1994-1996. In the Belarussian part of BPF where wolves were hunted, their winter density was 0.9-1.5 individualsllOO km 2 , and mean pack size was 2.7-3.2 wolves. In the Polish part of BPF where wolves were protected, their densities were 2-2.6 individuals/IOO km 2 , and mean pack size was four to five wolves. In spring-summer, wolves usually moved singly or in pairs (65% of observations), but in autumn-winter, 51 % of seen or snowtracked groups were whole packs. In 1994-1996, four wolves belonging to two neighbouring packs of five to seven individuals each were radiotracked in the Polish part of BPF for 4-18 months. Their total home ranges, estimated by the minimum convex polygon method with 100% of locations, covered 173-294 km 2 • Core areas of home ranges, comprising 50% of locations, were small: 11-23 km 2 , or 5-13% of the total home ranges. Packs hunted both in core areas and peripheral parts of the ranges, but the majority of their diurnal resting sites were located in core areas. Home ranges of wolves were 141-168 km 2 in spring-summer (May-September) and 99-271 km 2 in autumn-winter (October-April). There was nearly no overlap of the two packs' home ranges (0-3% in various seasons). Variation in the size of seasonal home range was observed for two breeding females. During parturition and early nursing in May-June, they confined their activity to an average of 17 km 2 • Literature on sizes of home ranges of Eurasian wolves was reviewed. Home ranges of wolves increased from 80-240 km 2 in southern and central Europe to 415-500 km 2 in northern Scandinavia. Smallest ranges were reported from regions where red deer (Cervus elaphus) were common. The population status of wolves affected size of their ranges; they were large in low-density colonizing populations and small in established populations.
.
We studied use of space by wolves in Bialowieza Primeval Forest (BPF) in the Polish-Belarussian borderland, a large and relatively natural woodland harbouring a I multi species community of ungulates and predators. The study area was on the westernmost limit of the continuous geographic range of the wolf in lowland Europe (Okarrna, 1993) . Our objectives were to: 1) assess pack size and density of wolves, 2) estimate the size of home ranges and describe seasonal variation in use, and 3) assess the pattern of home-range use. We also reviewed available data on home ranges of Eurasian wolves and attempted to identify factors that influence variation in size.
MATERIALS AND METHODS
Study area.-Bialowieza Primeval Forest (1,470 km 2 , 52°30/-53°N, 23°30/-24°15/E) represents deciduous and mixed woodlands that are typical of temperate lowland forests of Europe. The most characteristic forest association in BPF is oak-lime-hornbeam stand (Quercus robur, Tilia cordata, Carpinus betulus) with admixtures of maple (Acer platanoides) and spruce (Picea abies) growing on brown and podzolic soils. Drier sandy soils are overgrown with coniferous and mixed coniferous forests dominated by pine (Pinus silvestris) and spruce with admixtures of oak. Wet places with stagnated water are covered by alderwoods with black alder (Alnus glutinosa). Vicinities of small forest rivers and brooks are habitats of river-side forests of alder and ash (Fraxinus excelsior), and admixtures of elm (Ulmus glabra). The only open areas within the large woodland of Bialowieza are marshes of sedges (Carex) and reeds (Phragmites) in narrow river valleys and several glades with small villages. Additional information on vegetation of BPF was given by Falinski (1986) .
Currently, 40% of BPF (595 km 2 ) belongs to Poland and 60% (875 km 2 ) belongs to the Belarus Republic. Since 1981, the Polish and Belarussian parts of BPF have been separated by a border fence built by the Soviets along their state border. Most of the Polish part of BPF is a commercial forest exploited for timber and undergoing game management. Logging is done by means of small clearcuts and selective cutting of large trees. Clearcuts are replanted, usually with one or two tree species (pine, spruce, or oak). These changes in the forest structure discernibly affect ecology of wolves and ungulates (J\!drzejewska et al., 1994 (J\!drzejewski et al., 1992) . Large carnivores are represented by wolf and lynx (Lynx lynx). Since 1989, wolves have been protected in the Polish part of BPR They are persecuted in the Belarussian part; in 1980-1993, an average of 16 wolves were shot there annually, which made up 80% of the estimated winter numbers (J\!drzejewska et al., 1996) .
Climate of BPF is transitional, but continental features prevail (Olszewski, 1986) . During our study, mean temperature in January was -3.1°C in 1995 and -8SC in 1996. Snow cover persisted on the ground for 59 and 157 days in 1994-1995 and 1995-1996 , respectively, and maximal depths were 10 and 63 cm. Mean temperature in July was 22SC in 1994 , 20.6°C in 1995 , and 17.7°C in 1996 Field procedures.-In the Belarussian part of BPF, data on numbers of wolf packs and pack sizes were obtained by snowtracking. After a new snowfall, snowtracking on all accessible forest-compartment (1,066 by 1,066 m) lines was conducted twice, usually on two consecutive days. Tracks of wolves crossing lines and their directions were noted. An attempt to count the number of wolves in a pack was made by following their tracks. All tracks were mapped and, by drawing reconstructed routes of wolves' movements, sites of daily rest were determined (Le., forest compartments where a track went into but not out of it). Observations of wolves and their tracks also were noted during any field work and used as auxiliary data. All reports of hunts for wolves were collected and analyzed.
In the Polish part of BPF, spatial structure of the wolf population was studied by telemetry and snowtracking. Four female wolves belonging to two packs were livetrapped, radiocollared, and followed from March 1994 to September 1996. Two wolves were captured with footsnare traps (Aldrich footsnare traps for black bears, modified by authors) and two in nets (Okarma and J~drzejewski, 1997) . Footsnare traps were equipped with radio-alarm system (A. Wagener, Koln, Germany), which allowed us to release the animal within 1-2 h after capture. Wolves were immobilized with 1.2-1.8 m1 ofaxylazine-ketamine mixture (583 mg of Bayer's Rompun dissolved in 4 m1 of Parke-Davis' Ketavet 100 mg/ ml- Seal and Kreeger, 1987) . Sex was determined, and approximate age (yearling or adult) was estimated on the basis of date of capture, body mass, and tooth wear. Wolves were equipped with radiocollars (Telonics, Inc., Mesa, AZ and AVM Instrument Company, Livermore, CA).
We attempted to locate radiocollared wolves 5 days/week by following forest roads by vehicle or bicycle. To pick up the first bearing of the signal, we often used a church tower (33 m high; range of signal from the tower ::s 10 km) in the village of Bialowieza. In addition to daily locations, sessions of 5-day continuous radiotracking were conducted once per month in 1994 and 1995 and sessions of 1-5-day tracking in 1996. An observer followed wolves within the distance of 1-2 km. Estimated accuracy of radio locations was 100-500 m, depending on our distance from wolves and their activity. Because of the relatively short range of transmitters (1-3 km on the ground) and large home ranges of wolves, we succeeded in locating radiocollared animals in 78-92% of our attempts to find them.
We used the minirnum-convex-polygon (MCP) method (White and Garrott, 1990) to estimate size of home ranges of wolves during the entire period of radiotracking and size of their home ranges in shorter periods (seasons and two months). For those calculations, all radiolocations from a relevant period were taken. Kernel methods (Worton, 1989) were used to analyze patterns of home-range use. For this method, from the entire set of radiolocations for a given period, 3 locations/24 h were taken whenever available: 1) a location in a daily resting place, 2) a location when wolves rested at night, and 3) a location most distant from the resting site used on the previous day. Core areas of home ranges were analyzed with the kernel method using 75% and 50% of locations. All calculations of home-range sizes and overlap between wolf packs were made with Tracker software (A. Angerbj6rn, Radio Location System, Huddinge, Sweden).
During field work, tracks of wolves on snow and mud, cases of howling, and visual observations were recorded, and attempts were always made to count the number of tracked, seen, or heard wolves. Over 150 such records were collected in the Polish part of BPF in 1993-1996.
Literature on sizes of home ranges of Eurasian wolves was reviewed. Data selected for comparisons fulfilled the following criteria: 1) values of home-range size given by authors came from real packs or individuals, 2) territorial status of a wolf or pack was certain (nonterritorial single wolves were not included), and 3) radiotracking was conducted for ~6 months and snowtracking for ~ 1 winter season. In the latter case, maps from original papers were scanned, and sizes of home ranges were computed as MCP encompassing all mapped tracks and routes. Wherever available, pack size was given to check its possible influence on size of territory. Fairly undisturbed established populations were set apart from colonizing ones. [1993] [1994] [1995] [1996] , the whole BPF was inhabited by six to seven packs of wolves, each comprising from two to seven wolves ( Fig. 1) . Density of wolves in late winter was 1.5-1.9 individualsllOO km 2 (Table 1) . There were considerable differences in density of wolves and average pack size between the Belarussian and Polish parts of BPF, resulting from different human attitudes towards wolves (control versus protection). In the Belarussian part of BPF, snowtracking evidenced only three packs in the end of win- 1994-1995 and 1995-1996 . Numbers in ranges indicate pack size; circled numbers indicate location and number of wolves shot in autumnwinter; asterisk indicates location of two possibly lone wolves in 1995-1996. ter in 1994-1995 (in the northeastern part the census was not conducted) and four packs in winter of [1995] [1996] (Fig. 1) . At least five wolves were shot in the Belarussian part during each of the 2 winters, which constituted 30-:-40% of the early winter numbers of wolves. During the 2 winters in the Belarussian part, mean size of a wolf pack was 2.7 and 3.2 individuals and densities of wolves were 0.9 and 1.5 individualsllOO km 2 , respectively ( Table 1) .
RESULTS

Number and density of wolves.-In
The Polish part of BPF was inhabited by three packs in [1994] [1995] [1996] (Fig. 1) . Average pack size was four to five wolves. Latewinter density of wolves ranged from 2 to 2.6 individuais/IOO km 2 (Table 1) . In win- ters 1994-1995 and 1995-1996 , wolf packs in the Polish part of BPF were larger than those in the Belarussian part (Mann-Whitney U = 34.0, n, = 6, n2 = 7, P = 0.05).
Undisturbed wolves in the Polish part of BPF maintained a more stable spatial structure than those in Belarus (Fig. 1) .
Observations from the Polish part of BPF indicated a significant variation in social bonds within a pack between spring-summer and autumn-winter (Fig. 2) . In summer, wolves usually moved alone or in pairs (65% of observations). There were only a few observations of the whole families in late summer. In winter, single wolves and pairs made up only 38% of observations, and the majority of observed or snowtracked groups (51 %) consisted of four or more wolves (Fig. 2) .
Size and use of home ranges. -In 1994 -In -1996 , four female wolves belonging to two Polish packs were radiotracked. During the first 3 months of telemetric observations the area used by radiocollared wolves increased rapidly (Fig. 3) . After 6 months of radiotracking, home ranges of two adult females were 53 and 70% of their total home ranges. After 9 months, the increase of area used by wolves was low. Thus, a reliable estimation of home-range size of wolves required 9-12 months of intensive radiotracking (Fig. 3) .
Home ranges of radiocollared wolves calculated for the whole period of radio- Forest (1994 Forest ( -1996 relative to length of radiotracking.
tracking (MCP with 100% of observations) ranged from 173 to 294 km 2 (Table 2) . Home ranges estimated by 95% MCP (excluding outliers) for three female wolves comprised 83-89% of their total home ranges. The 95% MCP of the fourth female covered 48% of her total home-range area. Core areas of radiocollared wolves, comprising 75% and 50% of locations, were calculated by MCP and Kernel methods. For all wolves, 50% of all radiolocations fell into small core areas of 11-23 km 2 , or 5-13% of the total home range ( Table 2) . As many as 75% of radiolocations found wolves in somewhat larger areas of 31-73 km 2 , or 11-36% of the total home ranges. Thus, wolves used their ranges unevenly. Core areas were always located in regions of BPF that included no permanent human settlements and comprised extensive patches of inaccessible forests (bog alderwoods and swampy forests of pine, spruce or birch). In both packs, core areas were naturally delimited by rivers and were located in parts of BPF that were least penetrated by people. Use of core areas of home ranges stemmed from two factors. First, breeding dens were located there, and the pack's activity was concentrated around the den when offspring were small. Secondly, a majority of diurnal resting sites used by wolves year round also was located in core areas. Packs hunted both in core areas and peripheral parts of their ranges, but during a several-hour rest during the day, they usually retreated to core areas of their large home ranges. Areas calculated for locations of wolves in their daily resting sites (95% MCP) covered 50-91 km 2 , or 32-60% of the comparable (95% MCP) home ranges (Table 2) .
Temporal variation in size of wolf home ranges.-Home ranges used in spring-summer and autumn-winter varied from 99 to 271 km 2 (X = 168 km 2 ± 54 SD). Size of home range of one pack in Poland varied nearly three fold among years, but that of the other pack remained fairly stable (Fig.  4) . However, average seasonal sizes of ranges of the two packs did not differ; they were 170 and 167 km 2 , respectively. There was minimal, if any, overlap of ranges of the two neighboring packs (3% in spring-summer 1995 and 1 % in autumn-winter [1995] [1996] winter [1995] [1996] , their ranges based on individual movements overlapped 95%, indicating that each was representative of the pack's home range (Fig. 4) . Reproductive status determined the area used by female wolves. The two adult females gave birth to young in early May. During 2 months prior to parturition, the area used by females decreased by an average of 20% compared with their mid-winter ranges (Table 3 ). In the first 2 months of pups' lives (May-June), females stayed in a small area around the breeding den (1-30 km 2 , or ca. 13% of mid-winter ranges). The area used by reproducing females increased in July-August (Table 3) .
We synthesized data of 19 home ranges of wolves throughout Europe that were studied usually during 0.5-1 year, came from territorial individuals, and were estimated (or could have been recalculated) as MCP with 100% of radiolocations or mapped tracks (Table 4) . Home ranges of wolves increase from 80-240 km 2 in southern Europe to 415-500 km 2 in northern Europe. Multiple regression analysis revealed that two variables, latitude (L) and status of the wolf popUlation (SW; colonizing and established populations denoted numerically as 1 and 2, respectively) explained 65% in the variation in the size of home ranges (HR) in Europe (HR = -70.658 + 8.358L -101.480SW, R2 = 0.653, P < 0.0005, n = 19). From 42 to 68°N, territory size of wolves grew with increasing latitude. At a given latitude, home ranges of wolves were larger in low-density colonizing populations and smaller in saturated ones. By calculating semipartial correlations squared (Tabachnick and Fidell, 1983) , we found that L (sfl = 0.333) was more important than SW (sfl = 0.145). When we excluded two small packs of two and three wolves that were tracked in northern Sweden, home ranges of all other European packs were not related to pack size (R2 = 0.004, P > 0.8, n = 13).
DISCUSSION
Based on our results and review of literature on wolves in Europe, we identified two sources of variation in size of home ranges of wolves. Apparent variation emerged from methodology and real variation resulted from seasonal and social changes in the life of a wolf pack. A crucial source of variation was the duration of ra- diotracking-the longer the radiotracking, the larger the home range. Six to eight months of intensive radiotracking was the shortest time needed to reveal the minimum-reliable size of a home range. Moreover, to compare ranges of various packs, one needs to standardize time of tracking. If wolves were tracked for <6 months or radiocollared individuals with different tracking times simply were listed together, conclusions could be ,flawed seriously. For instance, the smallest reported home ranges of wolves of 16-66.5 km 2 in Portugal come from data that were collected during only 3-8 (on average 5) months (Pereira et al., 1985) . From data presented by Pereira's team, we calculated that size of home ranges in km 2 was positively related to the radiotracking time in months (Y = 4.9 + 6.9X, r = 0.823, P = 0.09, n = 5 wolves).
Furthermore, the method of mapping home ranges of wolves applied by Pereira et al. (1985) resembled minimum-concave polygons, which resulted in two to three times smaller ranges than if mapped with the MCP method. by Vila et al. (1990) appeared to partly result from varying time of radiotracking (4-26 months). Home-range size of wolves also was related positively to length of radiotracking (Y = 128.5 + 17.9X, r = 0.543, P = 0.2, n = 6 wolves). We found that radiotracking of wolves needs to be conducted during night as well as during daylight. Radiotracking during the day usually located wolves at their resting sites, which were concentrated in core areas of their home ranges. In BPF, size of home range estimated from distribution of daily resting sites covered only one-half of the total ranges. Thus, if in a given area wolves are active at night, it is necessary to gather radiolocations at night. In our study, continuous radiotracking over several 24-h periods revealed long but short-lasting excursions by wolves to hunt prey during the night.
Knowledge of the social status of radiocollared wolves also was important in assessment of home-range use. Social bonds in the pack changed seasonally, and size of area used by various individuals throughout the year varied greatly. During May-June, non-breeding females moved over ca. 75% Smietana and Wajda (1997) This paper This paper Kaleckaya (1973) , Kaleckaya and Filonov (1987) Kaleckaya (1973) , Kaleckaya and Filonov (1987) Kaleckaya (1973) , Kaleckaya and Filonov (1987) Kaleckaya (1973) , Kaleckaya and Filonov (1987) Kaleckaya (1973) , Kaleckaya and Filonov (1987 ) Haglund (1968 ) Bjarvall and Isakson (1982 a Two territorial females of six wolves studied by radiotracking (1988) (1989) (1990) could be used based on our criteria. b Two of five radiotracked wolves were followed for >6 months in 1982-1983; we calculated sizes of home ranges by planimetry as 100% MCP from maps of locations (Pereira et aI., 1985:maps 3 and 26) .
, Packs snowtracked and observed in 1972-1975. d Packs snowtracked in 1991-1995. e Mean sizes of autumn-winter and spring-summer home ranges (1994) (1995) (1996) of two packs. 'We calculated sizes of home ranges of snowtracked packs by planimetry as 100% MCP from maps published by the authors and a scaled map of the Darvinskii Reserve from Kaleckaya et al. (1988); established population in 1952 -1959 and 1982 , colonizing population in 1969 -1970 g Wolves snowtracked in March-June 1966. h Wolves studied by snowtracking in January-July 1978; we calculated home-range size by planimetry as 100% MCP of routes (Bjarvall and Isakson, 1982: fig. 4 .\).
of their winter territories, but breeding females stayed temporarily in only 10% of their winter ranges. Other European studies confirm that social status of wolf is an important factor of variation of home-range size. In Spain, a juvenile wolf moved over a small range of 100 km 2 , two adult males increased their ranges during mating season (291-568 km 2 ), and a female that lost her litter and territory roamed throughout the territories of other wolves and covered 892 km 2 (Vila et aI., 1990) . Some older studies gave maximal stretches between recorded tracks or routes of wolves (e.g., Pulliainen, 1965) or the approximate radius of movements (Kaleckaya, 1973; Kaleckaya and Filonov, 1987 (Table 4) .
Variation in home-range size, results from features of life history of wolves. Our study in BPF showed that home ranges of reproducing females with young varied seasonally with a minimum size in May-June when young stay in or near the den. Other studies reported that home ranges of female wolves shrank during the early life of offspring (Kudaktin, 1979; Vyrypaev and Vorobev, 1983) .
Comparison of data from various regions in Europe showed that there are two other sources of variation in the size of home ranges of wolves: latitude and status of the popUlation. Data from Italy also support that trend, but they were not included in Table 4 due to insufficient information on the number of wolf packs investigated and duration of research. Wolves radiotracked in the region east of Rome (42°N) had home ranges of 120-150 km 2 (Boitani, 1982) . Voskar (1994) reported, albeit with no information on methods used, that home ranges of wolves in montane regions of Slovakia were larger in years of low densities after several years of persecution than in years after the wolf population recovered.
We propose that the major factor underlying latitudinal variation in home-range size of wolves is the occurrence and density of the red deer, a preferred prey of wolves (Okarma, 1995) . The continuous range of red deer in central Europe and the Caucasus Mountains coincides with small home ranges of wolves (80-200 km 2 ). This relationship needs quantitative examination on both local and Eurasian scale when more data from various ongoing projects on wolves are available.
